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OPTICAL SWITCH BASED ON ROTATING VERTICAL MICRO- 
5 MIRROR 

Field of the Invention 
The present invention relates to an optical switch based on a 
rotating vertical micro-mirror positioned off-set from its axis of rotation, and 
10 in particular, to a method and apparatus for using a MEMS-based device to 
steer and manipulate beams of light traveling in free-space in an optical 
switch. 



Background of the Invention 

15 Fiber optics technology is revolutionizing the 

telecommunications field. Optical switches can be used to turn the light 
output of an optical fiber on or off, or, alternatively, to redirect the light to 
various different fibers, all under electronic control. Such switches can be 
used in a variety of different applications, including, for example, devices such 

20 as add-drop multiplexers in wavelength-division-multiplexing systems, 

reconfigurable networks, hot backups to vulnerable components, and the like. 
In those and other applications, it would be useful to have optical switches 
characterized by moderate speed, low insertion loss, high contrast ratio and 
low manufacturing cost. 

25 Known optical switches may be categorized generally as 

belonging to one of two classes. One class may be referred to as bulk opto- 
mechanical switches. In such switches, an input fiber, typically engaged to a 
lens, is physically translatable from a first position to at least a second 
position. In each position, the input fiber optically connects with a different 

30 output fiber. Bulk opto-mechanical switches possess several desirable 

characteristics, including low cost, low insertion loss, low back-reflection, and 
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insensitivity to polarization. Unfortunately, such opto-mechanical switches 
are slow, having response times within the range of 0.1 to 10 seconds. 

A second type of optical switch may be referred to as an 
integrated-optical switch. In such switches, an input fiber is coupled to a 

5 planar waveguide, typically lithium niobate or silicon. Output fibers are 

connected to various output ports of the waveguide. The electro-optic effect, 
whereby application of a voltage to the waveguide changes the refractive 
index of the various regions of the waveguide, is used to change the route of 
an optical signal traveling through the planar waveguide. In this manner, an 

10 input signal can be switched to one of a variety of output fibers. While such 
switches are very fast, they are quite expensive and frequently polarization 
sensitive. 

As such, there is a need for a low cost optical switch possessing 
the desirable characteristics of opto-mechanical switches, but having a much 
15 greater switching speed. 

Brief Summary of the Invention 
The present invention is directed to a MEMS -based device that 
steers and manipulates beams of light traveling in free-space in an optical 
20 switch. 

The optical switch is based on one or more rotating vertical 
micro-mirrors constructed on a surface of a substrate. At least one input 
optical fiber is arranged to direct at least one optical signal through free-space 
generally over the surface of the substrate. A plurality of output optical fibers 

25 are arranged to receive the optical signal traveling through the free-space. In 
some embodiments, the output optical fibers are arranged along optical paths 
that are not co-linear with the first optical path. At least one substantially 
vertical, rotating micro-mirror assembly is located on the substrate in the free- 
space. The assembly includes a rotating micro-mirror with a vertical 

30 centerline and an axis of rotation both perpendicular to the surface, but not co- 

2 




linear. The rotating micro-mirror is rotatable between a first position not in 
the first optical path and at least a second position in the first optical path. The 
rotating micro-mirror redirects the optical signal to one of the output optical 
fibers when in the second position. 
5 The optical switch can include a plurality of input optical fibers. 

The input optical fibers are optionally arranged perpendicular to each of the 
output optical fibers. In one embodiment, the optical switch includes a 
plurality of output optical fibers generally arranged around the rotating micro- 
mirror assembly. In this embodiment, the second position of the micro-mirror 
10 comprises a plurality of positions each adapted to direct the optical signal to 
one of the output optical fibers. 

In another embodiment, the optical switch includes a plurality 
of output optical fibers generally arranged perpendicular to the input optical 
fiber with a rotating micro-mirror assembly adjacent to the first optical path, 
15 but opposite each of the output optical fibers to selectively redirect the optical 
signal to any of the output optical fibers. 

In yet another embodiment, the optical switch includes a 
plurality of input optical fibers each arranged to direct a discrete optical signal 
through the free-space. An array of rotating micro-mirror assemblies are 
20 constructed on the substrate and arranged to direct the discrete optical signals 
from any of the plurality of input optical fibers to any of the output optical 
fibers. The optical switch may optionally include a secondary array of output 
optical fibers arranged to receive the optical signals from one or more of the 
input optical fibers when the rotating micro-mirrors are in the first position. 
25 Each optical fiber in the secondary array is typically co-linear with one of the 
input optical fibers. 

In one embodiment, the rotating micro-mirror rotates about 45 
degrees between a first position and the second position. In another 
embodiment, the rotating micro-mirror rotates about 135 degrees between a 
30 first position and the second position. 



In another embodiment, there is a gap between the axis of 
rotation and the rotating micro-mirror. The optical signal can pass through the 
gap without engaging the micro-mirror when the micro-mirror is in the first 
position. The rotating micro-mirror assembly may be mechanically coupled to 
5 a plurality of thermal actuators. 

The present invention is also directed to an optical 
communication system including at least one optical switch in accordance 
with the present invention. 

10 Brief Description of the Several Views of the Drawing 

Further features of the invention will become more apparent 
from the following detailed description of specific embodiments thereof when 
read in conjunction with the accompany drawings. 

Figure 1 is a top view of an exemplary rotating micro-mirror in 
15 accordance with the present invention. 

Figure 2 is a front schematic view of a rotating micro-mirror in 
accordance with the present invention. 

Figure 3 is a top schematic view of the rotating micro-mirror of 

Figure 2. 

20 Figure 4 is a front schematic view of an alternate rotating 

micro-mirror in accordance with the present invention. 

Figure 5 is a top schematic view of the rotating micro-mirror of 

Figure 4. 

Figure 6 is a schematic illustration is a 1 X N optical switch in 
25 accordance with the present invention. 

Figure 7 is a schematic illustration of an alternate 1 X N optical 
switch in accordance with the present invention. 

Figure 8 is a schematic illustration of an N X N optical switch 
in accordance with the present invention. 
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Figure 9 is a schematic illustration of an alternate N X N optical 
switch in accordance with the present invention. 
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Detailed Description of the Invention 
5 The present invention is directed to an optical switch based on a 

micro-mechanical device including one or more rotating vertical micro- 
mirrors positioned offset or off-center from the axis of rotation. A MEMS- 
based rotating micro-mirror steers and manipulates beams of light traveling in 
free-space over the substrate in the optical switch. The rotating micro-mirror 
10 is capable of repeatable and rapid movement to steer and manipulate beams of 
light in an optical switch. 

As used herein, "micro-mechanical device" refers to 
micrometer-sized mechanical, opto-mechanical, electro-mechanical, or opto- 
electro-mechanical device constructed on the surface of a substrate. "Offset" 
15 or "off-center" refers to the axis of rotation not being co-linear with a vertical 
s\ centerline of the mirror. "Free- space" refers to the region traveled by the 

^ optical signal outside of an optical conduit. Although the free-space is 

H typically above the substrate, a portion may be off of the substrate. For 

i \^ 

example, the free- space can be the region where the optical signal travels after 
£7 20 exiting an input optical fiber and before entering an output optical fiber. 

Various technologies for fabricating micro-mechanical devices 
are available, such as for example the Multi-User MEMS Processes (MUMPs) 
from Cronos Integrated Microsystems located at Research Triangle Park, 
North Carolina. One description of the assembly procedure is described in 
25 "MUMPs Design Handbook," revision 5.0 (2000) available from Cronos 
Integrated Microsystems. 

Polysilicon surface micromachining adapts planar fabrication 
process steps known to the integrated circuit (IC) industry to manufacture 
micro-electro- mechanical or micro-mechanical devices. The standard 
30 building-block processes for polysilicon surface micromachining are 



deposition and photolithographic patterning of alternate layers of low-stress 
polycrystalline silicon (also referred to a polysilicon) and a sacrificial material 
(e.g. silicon dioxide or a silicate glass). Vias etched through the sacrificial 
layers at predetermined locations provide anchor points to a substrate and 
5 * mechanical and electrical interconnections between the polysilicon layers. 
Functional elements of the device are built up layer by layer using a series of 
deposition and patterning process steps. After the device structure is 
completed, it can be released for movement by removing the sacrificial 
material using a selective etchant such as hydrofluoric acid (HF) which does 
10 not substantially attack the polysilicon layers. 

The result is a construction system generally consisting of a first 
layer of polysilicon which provides electrical interconnections and/or a 
voltage reference plane, and additional layers of mechanical polysilicon which 
can be used to form functional elements ranging from simple cantilevered 
15 beams to complex electro-mechanical systems. The entire structure is located 
in -plane with respect to the substrate. As used herein, the term "in-plane" 
refers to a configuration generally parallel to the surface of the substrate. 
After manufacturing, the micro-mirrors are raised to an out-of-plane 
configuration. As used herein, the terms "out-of-plane" refer to a 
20 configuration greater than zero degrees to about ninety degrees relative to the 
surface of the substrate. In an embodiment where the light beams travel 
parallel to the surface of the substrate, the micro-mirrors are generally 
perpendicular to the substrate. 

Since the entire process is based on standard IC fabrication 
25 technology, a large number of fully assembled devices can be batch-fabricated 
on a silicon substrate without any need for piece-part assembly. The present 
micro-mechanical devices can be packaged using conventional IC packaging 
techniques. In those embodiments that are packaged, the free-space is 
substantially contained within the package. The package containing the 



6 

1 



• * 



micro-mechanical device and/or the free-space can optionally be a vacuum or 
can be filled with nitrogen, argon or a variety of other gases. 

Figure 1 is a top view of a micro-mechanical device 20 
including a rotating mirror assembly 22 and an array of thermal actuators 24 
5 constructed on a surface of a substrate 26. The rotating mirror assembly 22 
includes a mirror 28 attached to a rotating base 30 by one or more hinges 32. 
The rotating base 30 is attached to the surface of the substrate 26 by a pivot 35 
that permits the mirror 28 and the base 30 to rotate. Latch arm 34 is attached 
to the rotating base 30 at first end 36. Free end 38 rests on portion 40 attached 
10 to the mirror 28. 

The rotating mirror assembly 22 is formed in-plane on the 
surface of the substrate 26. After fabrication is completed, the mirror 28 is 
lifted out-of-plane. In the preferred embodiment, the mirror 28 is raised to a 
substantially vertical position relative to the surface of the substrate 26 (see 
15 Figures 2-5). As the mirror 28 is raised, free end 38 of the latch arm 34 slides 
along the surface 40 until it engages with latch hole 42. The latch hole 42 
preferably includes a notch 44 that engages with free end 38 of the latch arm 
34. Once engaged, the latch arm 34 retains the mirror 28 in the upright 
Ji position. In an embodiment where an optical signal travels parallel to the 

20 surface of the substrate 26, the mirror 28 is generally perpendicular (vertical) 
to the substrate 26. 

The mirror 28 can be raised manually or by a series of actuators. 
In the illustrated embodiment, an array of thermal actuators 46 is positioned to 
raise the mirror 28 off the surface of the substrate 26. Once in the partially 
25 raised configuration, the mirror 28 can be manually raised to the upright 
position. 

Mirror 28 is attached to rotating base 30 off center. In the 
illustrated embodiment, edge 48 of the mirror 28 is generally aligned with 
pivot 35. The rotating base 30 includes a toothed edge 50 that intermittently 
30 engages with a toothed member 52. In order to rotate the mirror 28 in the 
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clockwise direction, thermal actuators 56 are activated to bias the toothed 
member 52 against the toothed edge 50 of the rotating base 30. The array of 
thermal actuators 24 are then activated so as to displace the toothed member 
52 in the direction 54. The thermal actuators 56 are then deactivated to 
5 disengage the toothed member 52 from the rotating base 30. The thermal 
actuators 24 are then deactivated so that the toothed member 52 moves in the 
direction 58. The array 56 is then activated to reengage the toothed member 
52 with the rotating base 30 and the process of activating the array 24 is 
repeated. 

10 To rotate the mirror 28 in the counter-clockwise direction, the 

above noted process is reversed. The array 24 is activated without the toothed 
member 52 being biased against the rotating base 30. Once the toothed 
member 52 is displaced in the direction 54, the array 56 is activated to bias the 
toothed member 52 to the toothed edge 50. The array 24 is then deactivated 

15 so that the toothed member 52 is pulled in the direction 58. 

Other rotating micro-mirror designs are disclosed in a 
commonly assigned U.S. Patent application entitled "MEMS Based 
Polarization Mode Dispersion Compensator", filed \Iw(?~goK (Attorney dock ct- 
■**©r5G130USA3A) and Butler et al., "Scanning and Rotating Micromirrors 

20 Using Thermal Actuators", 3131 SPIE 134-144 (1997). 

The array of thermal actuators 24 is configured to provide 
displacement in a direction 54 generally parallel to the surface of the substrate 
26. In particular, each of the thermal actuators includes a hot arm 60 and a 
cold arm 62. When current is applied to the hot and cold arms 60, 62 through 

25 the traces 64, 66, the hot arm 60 thermally expands to a greater extent than the 
cold arm 62. Consequently, when current is applied to the array of thermal 
actuators 24, the toothed member 52 is displaced in the direction 54. When 
current is removed from the array of thermal actuators 24, the toothed member 
52 moves in the direction 58, back to its original unactivated position. 
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Various thermal actuator structures can be used in the present 
invention, such as disclosed in commonly assigned U.S. Patent applications 
entitled "Direct Acting Vertical Thermal Actuator", filed September 12, 2000, 
serial no. 09/659,572 and "Direct Acting Vertical Thermal Actuator with 
5 Controlled Bending", filed September 12, 2000, serial no. 09/659,798. 

Figures 2 and 3 are schematic illustrations of a rotating micro- 
mirror assembly 70 in a substantially vertical configuration in accordance with 
the present invention. Micro- mirror 72 is held in a vertical configuration by 
latch arm 74 that is attached at a first end 76 to a rotating base 78 and at 
10 second end 80 to member 82 that is part of the micro-mirror 72. 

Vertical centerline 73 on the micro-mirror 72 is offset from axis 
O of rotation 88, both of which are normal to the surface of the substrate 84. 

% j The rotating micro-mirror assembly 70 rotates on a surface of the substrate 84 

around a pivot 86. Although the embodiment of Figures 2 and 3 illustrates 
'^l 15 edge 90 of the micro-mirror 72 generally co-linear with the axis of rotation 88, 

\J it is possible for the edge 90 to be located on either side of the axis 88. That 

f i is, the degree of offset of the mirror 72 relative to the rotating base 78 can be 

E° modified for specific application (see Figures 4 and 5). 

£2 One advantage of the offset configuration of the micro-mirror 

Uk 20 72 of Figures 2 and 3 is that an optical signal 92 can be directed in free-space 

94 over the substrate 84 adjacent to the axis 88 without engaging the mirror 72 
(see Figure 7). In the illustrated embodiment, the optical signal 92 is directed 
parallel to the surface of the substrate 84. The mirror 72 can also be rotated in 
either direction until it engages the optical signal 92 and redirects it in a 
25 second direction. In one embodiment, the mirror 72 is rotated about 135 

degrees so that the optical signal 92 is redirected generally perpendicular to its 
original path. 

Figures 4 and 5 illustrate an alternate rotating micro-mirror 
assembly 100 in which the micro-mirror 102 is offset from the rotating base 
30 104 by an extension arm 106, The extension arm 106 creates a gap 108 
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between the axis of rotation 1 10 extending through pivot 112 and an inside 
edge 1 14 of the micro mirror 102. The gap 108 is smaller than the distance 
between the axis of rotation 110 and vertical centerline 1 1 1 of the micro- 
mirror 102. Depending on the position of the micro-mirror 102, an optical 
5 signal 116 can theoretically be directed through the gap 108 without 

contacting the micro-mirror 102. In an alternate configuration, the micro- 
mirror 102 can be positioned to deflect the optical signal 1 16 in another 
direction (see Figure 9). 

In the illustrate embodiment, the optical signal 116 is directed 

10 parallel to the surface of the substrate 118 through free-space 1 19. Since the 
optical signal 1 16 is directed through the gap 108 between the axis 110 and 
the edge 1 14, the mirror 102 can engage the optical signal if rotated less than 
45 degrees. In the illustrated embodiment, the optical signal 116 can be 
diverted by about 90 degrees if the mirror 102 is rotated about 45 degrees (see 

15 Figure 8). 

Figure 6 is schematic illustration of an optical communication 
system 120 including an 1 x N optical switch 121 in accordance with the 
present invention. The "1" in the designation 1 x N refers to a single input 
fiber 122 and the "N" refers to multiple output fibers 124A-124L (referred to 

20 collectively as "124")- The embodiment of Figure 6 can also be used as a N x 
1 switch with multiple input fibers 124 and a single output fiber 122. 

A collimating lens 126 directs optical signal 128 through free- 
space 131 to a rotating mirror assembly 130. In the embodiment of Figure 6, 
free-space 131 is the region traversed by the optical signal 128 over the 

25 substrate (see Figure 2) between the collimating lens 126 and one of the output 
optical fibers 124. 

The mirror 132 can be positioned to direct the optical signal 128 
to any of the output libers 124. In the illustrated embodiment, the mirror 132 
is positioned to reflect the optical signal 128 to the output fiber 124G. In 

30 another embodiment, the mirror 132 can be rotated out of position so that it 
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does not engage the optical signal 128. In this alternate embodiment, the 
optical signal 128 simply moves through free-space 131 from input fiber 122 
to output fiber 124L. 

Figure 7 is schematic illustration of an optical communication 

5 system 138 including an alternate 1 x N optical switch 140 in accordance with 
the present invention. Collimating lens 142 directs optical signal 144 from 
optical fiber 146 through free-space 156 along an optical path 157 over 
substrate 159 adjacent to a plurality of rotating micro-mirrors 148A-148H 
(collectively "148"). Because the mirrors 150A-150H (collectively "150") are 

10 offset from the optical path 157, the optical signal 144 passes adjacent to, but 
does not contact any of the mirrors 150. By rotating one of the micro-mirrors 
148 about 45 degrees, the optical signal 144 can be directed to any of a 
plurality of output fibers 152A-152H (collectively "152"). The free-space 156 
is the region between the collimating lens 142 and any of the output fibers 

15 152. In the illustrated embodiment, the rotating micro-mirror 148E is rotated 
45 degrees in a direction 154 so as to direct the optical signal 144 to the output 
optical fiber 152E. 

Figure 8 is schematic illustration of an N x N optical switch 160 
in accordance with the present invention. The first "N" refers to a plurality of 

20 input fibers 162A-162H (collectively "162") and the second "N" refers to a 
plurality of output fibers 164A-164H (collectively "164"). Each of the input 
fibers 162 includes a collimating lens 166 for directing a plurality of optical 
signals 168A-168H (collectively "168") from each of the input fibers 162A- 
162H, respectively, to any of the plurality of output fibers 164A-164H 

25 (collectively "164"). 

The optical signals 168 are directed into a free-space 169 over 
substrate 167containing an array of rotating micro-mirrors 170, generally as 
illustrated in Figures 4 and 5. The rotating mirrors 170 are preferably 
constructed on a single substrate 167. Each of the rotating mirrors 170 

30 includes a mirror 172 offset from an axis of rotation 174 by an extension 176. 
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Consequently, when any of the rotating mirrors 172 in the array of micro- 
mirrors 170 is in a neutral position, an optical signal 168 can pass over the 
extension 176 without engaging the mirror 172. As used herein, "neutral 
position" refers to a configuration of a rotating micro-mirror where the mirror 
5 does not engage with optical signal 168. 

For example, the signal 168 A is diverted by mirror 178 towards 
the output optical fiber 164B. After reflecting off the mirror 178, the signal 
168A passes over a plurality of extensions 180, 182, 184, 186, 188, 190, 192 
of the respective micro- mirrors from the array 170 without engaging the 
10 corresponding mirror attached to each of those extensions (see Figure 4 and 
5). 

In operation, the optical signals 168 can be directed to any of 
the output optical fibers 164, without interfering with each other. For 
example, optical signal 168B is reflected off micro-mirror 200 and is directed 
15 to output fiber 164H. Similarly, micro-mirror 202 directs optical signal 168E 
to output fiber 164G. The extensions 204, 206, 208 do not interfere with the 
optical signal 168E along its path from the mirror 202 to the output fiber 
164G. 

The rotating micro-mirrors 170 in the array have the advantage 
20 that they can redirect the optical signals 168 by rotating only 45 degrees. This 
small angle of rotation increases switching speed and reduces wear and tear on 
the optical switch 160. 

In an alternate embodiment, the switch 160 can be converted to 
an N x (N+l) optical switch by adding a secondary set of output optical libers 
25 210A-210H (collectively "210")- By locating all of the rotating micro-mirrors 
in the neutral position, the optical signals 168A-168H will be transmitted 
directly from the input fibers 162A-162H through the free-space 169 to the 
secondary array of output fibers 210A-210H, respectively. 

Figure 9 is a schematic illustration of an optical switch 250 in 
30 accordance with the present invention. The array of rotating micro-mirrors 
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252 constructed on the surface of a substrate 251 correspond generally to the 
embodiment illustrated in Figures 2 and 3. By rotating any of the micro- 
mirrors 252 about 135 degrees, the optical signals 254A-254H can be directed 
to any of the output fibers 256A-256H. The optical switch 250 of Figure 9 

5 may also include a secondary array of output optical fibers directly opposite 
the input fibers 258A-258H for receiving the optical signals 254A-254H when 
the micro-mirrors 252 are in the neutral position (see Figure 8). 

All of the patents and patent applications disclosed herein, 
including those set forth in the Background of the Invention, are hereby 

10 incorporated by reference. Although specific embodiments of this invention 
have been shown and described herein, it is to be understood that these 
embodiments are merely illustrative of the many possible specific 
arrangements that can be devised in application of the principles of the 
invention. Numerous and varied other arrangements can be devised in 

15 accordance with these principles by those of ordinary skill in the art without 
departing from the scope and spirit of the invention. 



13 



